NF-jB/Rel transcription factors have recently emerged as crucial regulators of cell survival. Activation of NF-jB antagonizes programmed cell death (PCD) induced by tumor necrosis factor-receptors (TNF-Rs) and several other triggers. This prosurvival activity of NF-jB participates in a wide range of biological processes, including immunity, lymphopoiesis and development. It is also crucial for pathogenesis of various cancers, chronic inflammation and certain hereditary disorders. This participation of NF-jB in survival signaling often involves an antagonism of PCD triggered by TNF-Rfamily receptors, and is mediated through a suppression of the formation of reactive oxygen species (ROS) and a control of sustained activation of the Jun-N-terminal kinase (JNK) cascade. Effectors of this antagonistic activity of NF-jB on this ROS/JNK pathway have been recently identified. Indeed, further delineating the mechanisms by which NF-jB promotes cell survival might hold the key to developing new highly effective therapies for treatment of widespread human diseases.
Introduction
In the years immediately following its discovery in 1986, 1 few could have predicted what a treasure trove for pharmacological therapies the NF-kB pathway would later turn out to be. NF-kB-targeting compounds have now become standard tools in immunosuppressive therapy and are part of the therapeutic regimen of various chronic inflammatory conditions and malignancies. [2] [3] [4] [5] They are even being considered for use in metabolic and cardiovascular disorders such as type-II diabetes, atherosclerosis and myocardial infarction. [6] [7] [8] [9] The widespread use of these agents is a reflection of the central role NF-kB plays in physiological processes such as immunity, inflammation, development and cell survival, 3, [10] [11] [12] [13] [14] and -when deregulated -in human diseases. [3] [4] [5] [6] [7] [8] [9] 15 From a therapeutic perspective, a major drawback of the involvement of NF-kB in such a wide range of biological activities is that its blockade, particularly over extended periods of time -as in the case of chronic illnesses -can cause serious adverse effects, among them immunosuppressive effects. 2 Thus, an important therapeutic goal is to achieve selective inhibition of specific functions of NF-kB, such as prosurvival functions, rather than of NF-kB itself. Recent advances in understanding how NF-kB controls programmed cell death (PCD) now offer an opportunity for achieving this goal. Especially promising in this regard is the recent discovery that the NF-kB-mediated antagonism of PCD triggered by the so-called death receptors (DRs) involves suppression of the c-Jun-N-terminal (JNK) mitogen-activated protein kinase (MAPK) cascade and the activity of reactive oxygen species (ROS). 16, 17 This suppression appears to be mediated by a specialized subset of NF-kB targets, 17 thereby presenting the opportunity for selective inhibition of the prosurvival action of NF-kB, without compromising the capacity of NF-kB to serve in immunity, inflammation and tissue development. Further, because NF-kB, JNK and ROS activities are likely to be predominantly upregulated in diseased tissues, such as cancerous and inflamed tissues, therapeutic strategies aimed at targeting the antagonistic interplay between the NF-kB pathway and ROS and JNK signaling are likely to have inherent specificity for these tissues, compared to healthy ones.
The different aspects of the regulation and functions of NF-kB-family transcription factors and their role in the control of PCD are the subject of several other articles contained in this special issue of CDD and of excellent reviews published elsewhere. 3, [10] [11] [12] [13] [14] 18, 19 Here, we focus on recent discoveries that have unveiled how NF-kB, stimulated by tumor necrosis factor (TNF)a, exerts a control on PCD by engaging in a negative regulation of the JNK pathway. We then go on to discuss the relevance of this negative regulation to health and disease.
The NF-jB Pathway
In vertebrates, NF-kB/Rel transcription factors stand out as master regulators of innate and adaptive immunity, inflammatory responses, organ development and cell survival. 3, [10] [11] [12] [13] [14] 16, 17, 19 Similar functions have also been described in invertebrates. 20 In mammals, the NF-kB family of polypeptides consists of NF-kB1 (p50/p105), NF-kB2 (p52/ p100), RelA (p65), Rel (c-Rel) and RelB, and is characterized by the so-called Rel homology domain (RHD), which mediates DNA binding, dimerization and association with inhibitory proteins of the IkB group. 11, 12, 14 Normally, NF-kB dimers are retained in the cytoplasm in an inactive state through binding to IkBs. A wide spectrum of stimuli are capable of triggering rapid activation of NF-kB from these cytoplasmic pools by inducing the sequential phosphorylation and proteolytic degradation of these inhibitors -actions usually dependent on the IkB kinase (IKK) complex (consisting of its three subunits, IKKa, IKKb, and IKKg/NEMO) and the ubiquitin/ proteasome pathway, respectively. 11, 12, 18 Upon being freed from the inhibitors, NF-kB dimers enter the nucleus where they activate expression of distinct sets of target genes encoding numerous cytokines, chemokines, adhesion molecules, growth factors, immune receptors and prosurvival proteins. 3, 11, 12 Through the induction of these genes, NF-kB marshals and coordinates innate and adaptive immunity, inflammation, cell differentiation and cell survival.
Two main pathways for NF-kB activation have been described, both of which are capable of antagonizing PCD: 11, 16 the canonical pathway, triggered in response to microbial products, stress and proinflammatory cytokines, depends on the activity of IKKb and mainly results in the nuclear translocation of NF-kB1/RelA and NF-kB1/Rel dimers. The alternative pathway, activated by certain members of the TNF receptor (TNF-R) family such as lymphotoxin (LT)b and BAFF receptors, depends instead on IKKa and causes activation of NF-kB2/RelB complexes by inducing the proteolytic processing of the NF-kB2/p100 precursor. [11] [12] [13] Under most circumstances, suppression of PCD is seemingly due to activation of the canonical pathway. 3, 11, 12, 16 The prosurvival role of NF-jB in animal physiology
The prosurvival function of NF-kB has been implicated in a wide range of biological processes. In the B-cell lineage, NF-kB is constitutively activated by the triggering of TNF-R-family receptors, TACI, BCMA and BAFF-R, 21 and this constitutive NF-kB activity is needed for differentiation and maintenance of mature IgM low /IgD high B lymphocytes. [11] [12] [13] NF-kB also plays an important protective role in the development of thymocytes, 13, 22 and is required in the periphery for the productive responses of mature B and T lymphocytes to exposure to antigen and the costimulatory molecules CD40 ligand (CD40L) and B7-1, respectively. 10, 11, 13, 19 Moreover, the canonical and alternative pathways of NF-kB activation antagonize PCD signaling triggered downstream of numerous other receptors found on the surface of cells of the immune system, including Toll-like receptors (TLRs) and other members of the TNF-R family such as DRs (see below). 11, 12 The NF-kB-mediated control of PCD is also crucial to the physiology of organs outside the immune system. 3, 16 The first direct evidence that NF-kB inhibited PCD was provided by the observation that knockout ablation of RelA in mice causes embryonic lethality due to massive apoptosis in the liver. 23 Similar phenotypes were later described in IKKb À/À and IKKg À/À animals. 3, 24, 25 Notably, both liver damage and embryonic lethality in mutant mice were found to be reversed by compound mutation of TNF-R1. 26, 27 The hepatoprotective activity of NF-kB was recently confirmed in adult animals with the demonstration that this activity is essential for antagonism of TNF-R-mediated damage also in these animals (further discussed below). 16, 28, 29 Another paradigmatic example of a protective function of NF-kB in the context of a biological response to stimulation of a TNF-R-family member is provided by RANK, a receptor required for survival and maturation of osteoclasts -the cells that resorpt bone. [30] [31] [32] The protective action of NF-kB has been implicated in several other processes, including epidermal homeostasis, hair follicle development, and development and function of the central nervous system. 3, 33, 34 
NF-jB-Mediated Inhibition of PCD in Human Disease
Roles in tumorigenesis and cancer cell survival
In addition to playing these important physiological roles, when deregulated, the ability of NF-kB to control PCD can contribute to human disease. This pathogenetic role of NF-kB has arguably been best characterized in cancer. Genes encoding NF-kB/IkB-family members are frequently amplified, rearranged or mutated in human cancers, and most viral and cellular oncogene products, including HTLV-I's Tax, EBV's EBNA2 and LMP-1, Bcr-Abl, Her-2/Neu and oncogenic H-and K-ras, are capable of eliciting NF-kB activation. 3, 5, [35] [36] [37] [38] Direct evidence from various in vivo and in vitro models now indicates that the NF-kB-mediated suppression of PCD is crucially involved in various aspects of cancer biology, including malignant transformation, tumor progression and resistance to anticancer therapy (reviewed elsewhere in this issue of CDD). 3, 4, 35, 37 Indeed, a constitutive NF-kB activity is required for survival of several cancerous cells, such as those in Hodgkin's lymphoma (HL), diffuse large B-cell lymphoma (DLBCL), chronic myelogenous leukemia (CML), acute lymphoblastic leukemia (ALL), multiple myeloma (MM), breast cancer and other solid tumors. 3, 5, 36, 37 Roles in tumor progression: a link between cancer and inflammation A novel role for NF-kB in cancer viability has recently been unveiled with the discovery that an NF-kB-driven inflammatory reaction is a key requirement for tumor progression and metastatic growth (reviewed elsewhere in this issue of CDD). 4, 16, 38, 39 In the link between inflammation and cancer, NF-kB seemingly serves two distinct roles: one in the cancerous cell and one in proinflammatory cell. Using a mouse model of inflammation-induced colon carcinogenesis, it was shown that conditional deletion of IKKb in enterocytes hinders tumor initiation, in part, by enhancing apoptosis in these cells. 39 Conversely, an inactivation of IKKb in myeloid cells impaired secretion of proinflammatory cytokines, such as IL-6 and TNFa, by these cells, thereby impeding their ability to stimulate tumor growth. 38, 39 Similar observations were made using a mouse model of hepatocarcinogenesis triggered by the targeted deletion of Mdr2, an event causing a chronic cholestatic hepatitis. 38, 40 Another compelling study demonstrating this key role of NF-kB in linking cancer to inflammation has recently been provided by analyses of mice with colon carcinoma cell metastases in the lung. 41 Remarkably, inactivation of NF-kB in metastatic cells had no effect on the ability of these cells to colonize and grow in the lungs, but completely abolished their ability to proliferate in response to systemic administration of lipopolysaccharide (LPS) -a process dependent upon TNFa synthesis by the host. LPS caused rapid tumor regression instead by inducing death of NF-kB-deficient cancer cells. 38, 41 This association between inflammation and cancer is well established also in humans, where a paradigmatic example is offered by MALT lymphoma -a B-cell malignancy often caused by chronic gastritis resulting from persistent Helicobacter pilori infection. 4, 38, 42 Chronic inflammation has also been implicated in pathogenesis of a wide range of carcinomas -the most frequent type of cancers -arising from various tissues.
Roles in cancer chemoresistance
In addition to these roles in malignant transformation and tumor progression, the NF-kB protective activity can hamper tumor cell killing inflicted by radiation or chemotherapeutic drugs such as topisomerase inhibitors, and in so doing, promote resistance to anticancer treatments. 2, 3, 5, 35, 37 By blocking TNF-R-, TRAIL-R-and Fas-triggered death, NF-kB also helps malignant cells evade immune surveillance. 4, 38, 41 Consistent with the relevance of NF-kB in cancer, pharmacological agents targeting NF-kB such as proteasome inhibitors (e.g. PS-341), glucocorticoids and nonsteroidal anti-inflammatory drug (NSAIDs) such as aspirins, are currently being used or are being tested with promising results in clinical trials for the treatment of various malignancies, including HL, non-HL, MM and solid cancers such as prostate and lung cancers. 2, 3, 43, 44 
Roles in other diseases
Accumulating evidence indicates that, in addition to cancer, the NF-kB protective activity is critically involved in the pathogenesis of chronic inflammatory diseases such as rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) 3, 6 -sustained by a positive feedback regulation between TNFa and NF-kB. 3, 6, 45 An aberrant NF-kB-mediated inhibition of PCD might also contribute to the onset of widespread metabolic disorders such as type-II diabetes and atherosclerosis. [6] [7] [8] [9] In addition, this aberrant activity of NF-kB may participate in viral pathogenesis. Indeed, many viruses have evolved to adapt to the host defense mechanisms by developing their own protective strategies, often utilizing genes encoding factors that either induce or mimic NF-kB signaling, such as Tax of HTLV-1, LMP and EBNA2 of HBV and v-Rel of the avian retrovirus, REV-T. 3, 36 Finally, an inappropriate resistance to cell death is a contributing cause in the formation of tumors in cylindromatosis patients, who carry hereditary defects of the CYLD gene -encoding a de-ubiquitinase that downregulates NF-kB activation downstream of TNF-R1. 15, 46 Other inherited conditions characterized by constitutive activation of NF-kB include familial expansile osteolysis (FEO) and familial Paget disease of bone (PDB), both caused by hypermorphic mutations of RANK and exaggerated survival and function of osteoclasts. 15 Conversely, an impairment in cell survival is a key pathogenetic element in incontinentia pigmenti (IP) -a rare X-linked disorder usually caused by rearrangements of the IKKg/NEMO gene 15, 46 -and other genetic illnesses characterized by various defects in the NF-kB activation pathway, including primary immunodeficiencies (ID) and anhidrotic ectodermal dysplasia (AED) syndromes. 15, 46, 47 The NF-jB-Mediated Control of PCD Induced by TNF-Rs
The duality of TNF-R1
The protective action of NF-kB was first discovered and is best understood in the context of the response to TNFa, 3, 16 a pleiotropic cytokine that plays a key role in inflammation, immunity, cell growth, differentiation and induction of PCD. 30 NF-kB was also later found to promote survival in response to the triggering of members of the TNF-R group other than TNF-R1 (the primary receptor of TNFa), including CD40, EDAR, BAFF-R and RANK, as well as of DRs in this group, such as Fas (CD95), DR4 (TRAIL-R1) and DR5 (TRAIL-R2). 3, 13, 16, 30 Notably, the NF-kB-mediated control of cell killing induced by these receptors appears to be a central element in a vast array of both physiological and pathological processes (discussed in previous sections). 16, 30, 48 Signaling through TNF-R1 has the potential for triggering PCD (Figure 1 ) -an activity that is evident, for instance, during activationinduced cell death (AICD) in T lymphocytes 30, 48 and ischemic death in neurons. 30, 48, 49 Normally, however, despite this well-documented ability to kill cells, stimulation of this receptor by TNFa does not result in PCD, unless NF-kB activation or new RNA/protein synthesis is blocked (Figure 1) . 3, 48 NF-jB-mediated control of the JNK cascade S Papa et al Recent studies offer important insights into the bases for these seemingly opposing abilities of TNF-R1 for inducing PCD, while concurrently blocking it. Stimulation of this and other DRs, such as DR3, DR6 and ectodysplasin A1 receptor (EDAR), promotes formation of complex I, consisting of the adaptor molecule TNFR1-associated death-domain protein (TRADD) and the signaling proteins TNF-R-associated factor 2 (TRAF2), TRAF5 and receptor-interacting protein 1 (RIP1). This event then leads to activation of NF-kB and, ultimately, cell survival ( Figure 1) . 16, 50 Upon dissociating from the plasma membrane, TRADD and RIP1 associate with Fas-associated death domain (FADD), which in turn binds to and activates procaspase-8 and procaspase-10, thereby forming complex II, which ultimately triggers cell death 50 (reviewed elsewhere in this issue of CDD; see also Wajant et al. 48 ). Another recent study suggests that complex II might assemble on endocytic vesicles (termed 'receptosomes'), rather than in the cytosol. 51 Finally, it is worth noting that a distinct class of DRs, including Fas, DR4 and DR5, has the ability to interact with FADD directly, forming the so-called death-inducing signaling complex (DISC) 16, 48 -the functional equivalent of complex II.
TNF-R1-induced pathways of PCD: necrosis versus apoptosis
TNFa is capable of eliciting PCD through both the apoptotic and the caspase-independent, necrotic pathway ( Figure 2) . 16, 52 Owing to a limited understanding of the biochemical events involved in necrosis, these pathways are usually distinguished based upon morphological criteria: [52] [53] [54] Apoptotic cells are typically characterized by chromatin condensation, picnosis, cytoplasmic shrinkage and plasma membrane blebbing; whereas necrotic cells usually exhibit nuclear degradation, organelle swelling and disintegration and loss of plasma membrane integrity. Indeed, these latter cells are virtually indistinguishable from those dying of accidental necrosis. Another form of PCD described more recently is termed 'autophagy' and is characterized by a slow 'metabolic' death and the presence of large, lysosomederived vacuoles. 53 The pathways of apoptosis and necrosis induced by TNF-R1 appear to diverge immediately downstream of TRADD, with FADD/caspase-8 promoting apoptosis and RIP1 promoting necrosis. 52, 54 The key event in apoptosis signaling is the activation of caspase proteases. 48, 55 Upon recruitment to complex II, caspase-8 is activated via autocatalytic cleavage and begins processing Bid (a 'BH3-only' member of the Bcl-2 family) into tBid, which then targets mitochondria to engage the Bcl-2-like factors, Bax and Bak. 48, 55 This event induces the release of mitochondrial proteins such as cytochrome c and Smac/Diablo into the cytosol, causing activation of caspase-9 and downstream effector caspases and, ultimately, apoptosis. 48, 55 Notably, Bax and/or Bak can be also engaged by the other major pathway for caspase activation (distinct from the aforementioned DR-induced, 'extrinsic' pathway), that is the 'intrinsic' pathway -activated by stress and developmental cues. 55 Finally, it is worth noting that caspase proteases are not solely involved in death signaling; 56 in fact, in some cases (caspase-8, e.g.), they can promote survival and inflammation, actions mediated in part by an induction of NF-kB. 56, 57 Although its molecular basis is poorly understood, necrosis signaling is believed not to involve caspase function, and in fact, necrosis can even be potentiated by an inhibition of caspases (Figure 2) . [52] [53] [54] 58 Moreover, ROS and certain mitochondrial factors, such as apoptosis-inducing factor (AIF), endonuclease G (EndoG) and the serine protease Omi, have been implicated as critical effectors of necrosis downstream of RIP1 and/or TNF-R1. 52, 54, 58 Another important element participating in both the necrotic and apoptotic pathways triggered by TNFa is the lysosome. 52, 58 Upon formation of ceramide lipids by acidic sphingomyelinase (A-SMase), this organelle leaks into the cytosol cathepsingroup proteases, which can then promote PCD. 51, 52, 58 The elements controlling the choice between induction of necrosis or apoptosis are presently unclear, but recent studies suggest that the metabolic status of the cell is a key element in dictating this choice (discussed below). 53 A physiologically relevant consequence of making this choice, however, is that whereas necrotic cells release factors such as chromatinassociated HMGB1 that serve as potent stimuli for inflammation, apoptotic cells are rapidly engulfed by professional phagocytes and release signals that instead suppress inflammation, in vivo.
52,53,58
Basis for the cytoprotective activity of NF-jB
It is now clear that both necrosis and apoptosis can be effectively blocked by NF-kB ( Figure 1 ). By and large, NF-kB exerts its protective effects by upregulating expression of target genes. 3 Among these are Bcl-2-family members, A1/ Bfl-1 and Bcl-X L , the caspase-8 regulator FLIP L , the caspase inactivators, cellular inhibitor of apoptosis proteins (c-IAP)1 and c-IAP2 and X chromosome-linked IAP (XIAP) and TRAF1 and TRAF2 -which have been predominantly implicated in inhibition of apoptosis signaling. 3 The NF-kB-inducible serpin SPI2a, however, was recently shown to also block programmed necrosis. 59 These proteins were shown to play important roles in mediating the NF-kB prosurvival function in certain contexts. 3 For instance, Bcl-x L and Bfl-1/A1, and possibly Bcl-2 itself, appear to mediate protection afforded by the triggering of CD40 and CD28 receptors in B and T lymphocytes, respectively. 3, 49 However, as discussed previously, these factors appear insufficient alone to account for the complete NF-kB-mediated blockade of PCD.
3,49,60
The NF-jB-Mediated Suppression of the JNK Cascade in Prosurvival Signaling Downstream of TNF-Rs
The JNK MAPK cascade
The protective activity of NF-kB against TNF-R-inflicted killing has been recently associated with suppression of the JNK cascade ( Figure 1) . [60] [61] [62] This is conserved throughout eucaryotes and is one of the major MAPK pathways found in mammalian cells. [63] [64] [65] Like other MAPK pathways, such as the p38 and the extracellular-regulated kinases (ERK), it transduces signals triggered by diverse stimuli through the sequential phosphorylation of hierarchically arranged, kinase modules, in order to elicit an appropriate organismal response. [63] [64] [65] The most distal of these modules is encoded in mammals by three separate genes: ubiquitously expressed JNK1 and JNK2, and neuronal-specific JNK3. 63, 64 In these organisms, JNK kinases are primarily activated upon exposure to proinflammatory cytokines such as TNFa and IL-1b or stress stimuli such as UV radiation and genotoxic, osmotic, oxidative and hypoxic stress. 63, 64 Induction of JNK by these Figure 2 Possible alternate positioning of ROS and JNK signaling in the apoptotic and necrotic pathways of PCD induced by TNF-R1. These two pathways of PCD seem to diverge immediately downstream of TRADD, with FADD signaling to apoptosis and RIP1 signaling to necrosis. Most available evidence is consistent with a model whereby ROS mediate sustained activation of the JNK pathway by TNF-R1, and this sustained activation of JNK then leads to induction of apoptosis (a); albeit, it can also participate in induction of necrosis in some systems. Some recent evidence, however, suggests that JNK activation may also lie upstream of the TNF-R1-induced formation of ROS, and that this JNK-dependent induction of ROS is critical for the triggering of necrosis (b). Regardless of the positioning of ROS relative to JNK, however, most studies seem to agree that NF-kB can effectively block both necrosis and apoptosis signaling stimuli has been linked to different biological responses, including growth and differentiation. [63] [64] [65] By and large, however, activation of JNK appears to be a trigger for cell death.
63-65
The involvement of JNK in PCD signaling
This involvement of JNK in PCD signaling is most clearly demonstrated by the analyses of JNK null mutations in mice. Mouse embryonic fibroblasts (MEFs) lacking both JNK1 and JNK2 are refractory to cytochrome c release and apoptosis elicited in response to various stress stimuli, including UV radiation; 66 and thymocytes and peripheral T cells from either JNK1 À/À or JNK2 À/À animals are seemingly protected against anti-CD3-induced death and AICD, respectively. 63, 67 Moreover, JNK3
À/À neurons display a severe defect in their apoptotic response to excitotoxins, 64, 68 and T cells deprived of either JNK1 or the JNK kinase, MKK7/JNKK2, mount an exaggerated proliferative reaction to stimulation with antigen. 63, 67, 69, 70 The suppression of JNK as a critical protective mechanism mediated by NF-jB Despite these findings, however, the role of JNK in TNF-Rinduced PCD has been, for years, a matter of intense debate.
Some initial studies had suggested that JNK activation by TNFa either enhanced or did not affect cell survival. 71, 72 Others had instead found a death-promoting effect of this activation by TNFa. 73 This issue has now been clarified by the analyses of JNK-and NF-kB-deficient models. The use of these models has now shown that JNK signaling plays an obligatory role in TNF-R-inflicted killing, and that the targeting of this signaling is a key means by which NF-kB counters PCD. 16, 49 Normally, TNFa triggers potent, but only transient activation of the JNK cascade, with basal levels being reestablished rapidly, within 30-60 min. [60] [61] [62] Blocking NF-kB activity, however, by either knockout deletion of RelA or IKKb, or ectopic expression of IkBaM, a degradation-resistant variant of IkBa, markedly impairs the normal shutdown of TNFa-induced JNK signaling (see Figure 3) , thereby unveiling an additional, prolonged phase of this signaling. [60] [61] [62] It is in fact this prolonged phase of the JNK induction that has been implicated in activation of PCD. 16, 49, [60] [61] [62] In support of this view, constitutive JNK activity caused by ectopic expression of chimeric MKK7-JNK1 proteins appears to be sufficient alone to trigger cell death. 74 In the presence of NF-kB, JNK activity is elevated by TNFa only transiently, [60] [61] [62] which explains why this transient elevation occurs without significant cytotoxicity. 49, 64 Caspases have the ability to activate MAPK kinase kinases (MAP3Ks). 16, 64 Yet, the effects of NF-kB on the JNK pathway do not appear to be a secondary consequence of an inhibition of caspases, because the activity of this MAPK pathway in NF-kB-deficient cells is unaffected by treatment with caspase blockers such as z-VAD fmk . 49, 62 Hence, NF-kB factors behave as genuine regulators of the JNK cascade, and this ability of NF-kB to control sustained activation of JNK signaling appears to be a pivotal protective mechanism against TNF-R-inflicted cytotoxicity.
Consistent with this notion, suppression of JNK signaling by either pharmacological means or expression of dominant negative kinase mutants effectively rescues NF-kB null cells from TNFa-induced killing. [60] [61] [62] Likewise, either compound deletion of JNK1 and JNK2 or silencing MKK7 expression virtually abrogates this killing in RelA
-or IkBaMexpressing cells. [75] [76] [77] Further evidence of a critical role of JNK in promoting TNFa-induced PCD comes from in vivo studies demonstrating that both JNK1 À/À and JNK2 À/À knockout mice are markedly protected against TNF-R-mediated liver damage caused by systemic administration of concavalin A (Con A) (see below). 78 Hence, available evidence now indicates that an abrogation of sustained activation of the JNK cascade is crucial for control of TNFa-induced PCD, and furthermore, that this abrogation is critically dependent upon NF-kB. 16, 49 Despite this indisputable role of JNK in TNFa-inflicted killing, however, there is still some remaining debate as to whether the NF-kB-mediated targeting of this MAPK is more relevant to the control of necrosis or that of apoptosis 75 (discussed below; see also Figure 2 ).
Evolutional Conservation of the NF-jBMediated Control of the JNK Pathway
The biological relevance of the NF-kB-mediated restraint of JNK signaling is underscored by the evolutionary Figure 3 The effectors of the NF-kB-mediated suppression of ROS and JNK activities and their proposed modes of action. For most part, the protective activity of NF-kB against TNF-R1-induced killing is mediated through upregulation of target genes. One subset of NF-kB-inducible targets, including A20, XIAP and Gadd45b, appears to act directly on the JNK cascade; another subset of targets, including FHC, Mn-SOD and possibly other genes, appears to block JNK signaling indirectly, by suppressing accumulation of ROS conservation of this restraint. In Drosophila, the duration of JNK activation by lipopolysaccharide (LPS) is directly controlled by the NF-kB protein, Relish. 79 In this organism, LPS signals through the so-called Imd pathway, named after the insect ortholog of RIP, to coordinate immunity to Gram-negative bacteria via its two main branches: the JNK and IKK/Relish branches. 20, 80 These diverge immediately downstream of the MAP3K, TAK1, to direct transcription of distinct subsets of target genes in a temporally coordinated manner. 80, 81 Whereas Relish targets display a pattern of prolonged expression, JNK-responsive genes are characterized by transient activation, owed to a Relish-imposed shutdown of JNK signaling. The process appears to involve proteosomal degradation of TAK1, promoted by upregulation of Relish target genes. 79 Notably, in addition to immune responses, the Relishmediated attenuation of JNK signaling might control PCD. The Drosophila homolog of TNFa, Eiger, depends on JNK -rather than on the caspase-8 homolog, Dredd -to trigger cell death. 80, 82, 83 Furthermore, JNK-induced apoptosis in flies is mediated by Reaper, Hid and Grim, the functional counterparts of mammalian Smac/Diablo (see below). 80, 83 Thus, the participation of JNK in apoptosis signaling appears to be a remnant of an ancestral death-inflicting mechanism engaged by TNF-Rs. Indeed, only later in evolution did TNF-Rs begin to exploit the FADD/caspase-dependent pathway for triggering PCD. 48 The NF-jB-Mediated Suppression of ROS as a Means for Controlling the JNK Cascade
The NF-jB-mediated survival also involves a suppression of ROS Recent studies from several groups, including our own, now indicate that NF-kB also protects cells against TNF-R-induced cytotoxicity by controlling the accumulation of ROS induced downstream of these receptors (Figures 1 and 2) . 76, 84, 85 ROS are emerging as key mediators of death signaling initiated by the triggering of TNF-R1 (Figures 1 and 2) . 16, 48, 52, 54, 75, 76, [84] [85] [86] They have been known to play critical roles as second messengers in the PCD pathways initiated by other cytotoxic stimuli such as ceramide, ionizing radiation and chemotherapeutic drugs, and indeed, oxidative stress is sufficient alone to induce cell death. 86, 87 Unlike what is seen in normal cells, treatment with TNFa leads to aberrant accumulation of ROS in NF-kB-deficient cells, indicating that these cells are defective in their ability to maintain redox homeostasis. 76, 84, 85 Hence, the restraint of ROS accumulation induced downstream of TNF-Rs is a new physiological function ascribed to NF-kB (Figures 1 and 2) . 16, 76, 84, 85 Remarkably, exposure to antioxidant agents such as N-acetyl-cysteine (NAC), butylated hydroxyanisole (BHA) or pyrrolidine dithiocarbamate (PDTC) virtually abrogates TNFa-inflicted killing in NF-kB-deficient cells. 76, 84, 85 Hence, suppressing ROS formation represents a key protective mechanism mediated by NF-kB (Figures 1  and 2) . 16, 75, 76, 84, 85 Mechanisms of ROS-induced PCD: the role of JNK The precise mechanism(s) by which ROS trigger PCD is unclear. Accumulating evidence, however, suggests that ROS-inflicted cytotoxicity is mediated in part by prolonged activation of the JNK cascade ( Figure 1) . 16, 76, 85, 86 Indeed, the activities of ROS and JNK induced by TNF-Rs appear to be linked, both being obligatory participants in the same death-inducing pathway triggered by these receptors (Figure 1) . 16, 76, 85, 86 In RelA À/À fibroblasts and other NF-kBdeficient cells, sustained induction of JNK signaling downstream of TNF-Rs is virtually abolished by treatment with ROS-neutralizing agents such as NAC and BHA. 76, 84, 85 Interestingly, this treatment has only modest effects on the transient phase of this induction. 76, 84, 85 ROS may enhance PCD also via other mechanisms, for instance, via inhibition of NF-kB. 16 Indeed, whereas ROS have been found to trigger NF-kB activation in certain systems, 88, 89 in others, they have been shown to interfere with RelA binding to DNA and the activity of IKKb by oxidizing critical cysteine residues in the RHD and activation loop, respectively, of these proteins. 16, 88 Mechanisms for the ROS-mediated activation of JNK Exactly how ROS promote sustained induction of the JNK pathway by TNFa is not known. Recent reports, however, have provided important insights into the mechanisms of this induction. One study by M Karin and co-workers shows evidence that phosphatases of the MAP kinase phosphatase (MKP) family, such as MKP-1, MKP-3, MKP-5 and MKP-7 -known to be involved in downmodulation of MAPK activities 63 -are crucial molecular targets of ROS in the TNFainduced pathway for JNK activation and PCD (Figure 1 ). 76 The authors propose that ROS induce oxidation of a highly reactive, cysteine residue in the catalytic domain of MKPs, thereby causing their inactivation. 76 This ROSmediated inactivation of MKPs seemingly impairs shutdown of JNK signaling following exposure to TNFa, prompting persistent activation of this signaling and, ultimately, cell death (see Figure 1) . 76 According to this view, by preventing oxidation of MKPs, antioxidants ensure transient activation of JNK, and in so doing, impede induction of PCD by TNF-Rs. 76 This provocative model, however, is mainly based on evidence obtained with pharmacological and dominant-negative MKP inhibitors, and so, awaits validation through studies with knockout and/or knockdown systems.
Further, inactivation of MKPs does not appear to be the sole mechanism for ROS-mediated induction of JNK signaling. Earlier studies by Matsuzawa and Ichijo 86 have shown that ROS also triggers activation of ASK1/MEKK5, a TRAF2-associating MAP3K that is essential for prolonged activation of JNK (and p38) downstream of TNF-R1. 64, 86 This model is supported by genetic evidence, because ASK1 À/À fibroblasts exhibit a severe (albeit incomplete) defect in the activation of JNK signaling and PCD in response to TNFa. 90 Interestingly, as with MKPs, 76 ROS-mediated induction of ASK1 activity depends on inhibition of the redox-regulated factor, NF-jB-mediated control of the JNK cascade S Papa et al thioredoxin. 86 Hence, ROS can influence JNK signaling both via activation of upstream MAP3Ks and via inhibition of regulatory MKPs (Figure 1) . The relative importance of each mechanism for control of TNFa-induced JNK activity is likely to depend upon the biological context. Despite the fact that several MAP3Ks such as MEKK1, GCK, GCKR, MLK3 and ASK1 have been implicated in activation of JNK by TNF-Rs, 63, 64, 86 the precise mechanism underlying this activation is not known. Thus, delineating this mechanism will further help clarify the basis for the ROS-mediated regulation of the JNK cascade. Regardless of this basis, however, several studies now seem to concur that ROS lie upstream of JNK in the TNF-R-induced pathways of PCD (Figure 1) , 76, [84] [85] [86] and therefore that attenuation of ROS represents another, indirect mechanism through which NF-kB exerts a restraint on sustained activation of the JNK cascade and subsequent induction of PCD (Figure 1) . 16, 84, 85 Nevertheless, there is evidence suggesting that the crosstalk between JNK and ROS might be more complex 75 (see below; see also Figure 2 ).
The origin of TNFa-induced ROS
The origin of the ROS produced downstream of TNF-Rs is unknown. Nevertheless, it is normally assumed that this production occurs primarily in mitochondria, 16, 52, 76 the main source of ROS in eucaryotes. 87 Here, electron leakage from the electron transport chain causes formation of superoxide radical (KO 2 À), a moderately reactive species that can generate hydrogen peroxide (H 2 O 2 ), which in turn can produce highly reactive hydoxyl radicals (KOH), especially in the presence of transition metals such as iron. 87 Previous studies, however, have failed to differentiate between the ROS acting as second messengers in TNF-R-induced signaling and those produced as a consequence of the oxidative burst that typically follows mitochondrial outer membrane permeabilization (MOMP), 48, 52, 75, 76, 84, 85 a sign that the cell might have already committed to die. 48, 58 Thus, whether the mitochondrial ROS detected in previous studies were a cause or a secondary effect of cell death remains unclear. Indeed, the observations that ROS are not elevated following exposure to IL-1b 76, 84 and that their induction by TNFa is blocked by compound mutation of JNK 1 and JNK2 75 could simply reflect an absence of cell death in these systems. In further agreement with a primary extra-mitochondrial origin of the signal-transducing ROS induced by TNFa, ectopic expression of the mitochondrial antioxidant enzyme, Mn 2 þ superoxide dismutase (Mn-SOD), was shown to afford only limited protection against TNF-R-mediated cytotoxicity in NFkB null cells. 84, 85 Indeed, extra-mitochondrial sources of ROS have been identified and previously implicated in cytotoxic signaling induced by TNF-Rs. 16, 52 These include cytosolic phospholipase A2 (cPLA2), plasma membrane NADPH oxidase and ER-associated, NADPH cytochrome P450 reductase. 16, 52, 91 Ultimately, the characterization of the precise mechanisms through which ROS are formed during stimulation with TNFa will require the application of genetic tools and the development of more sophisticated methods of detection.
The TNF-R-induced signaling pathways leading to ROS formation
The TNFa-induced pathways leading to ROS formation are also unknown. It appears, however, that both RIP1 and FADD are required for promoting this formation downstream of TNF-Rs (Figure 2) . 16, 52, 92 Interestingly, as with programmed necrosis, the ability of RIP1 to participate in the induction of ROS depends on its kinase activity 52, 93 -whereas this activity is not required for its ability to induce NF-kB. 52, 93 In certain systems, neither the RIP1-nor the TNF-R-triggered accumulation of ROS seems to involve a participation of caspases (Figure 2) . Paradoxically, both this accumulation and necrosis signaling are even potentiated by either mutation of caspase-8 or treatment with the pan-caspase inhibitor, zVAD-fmk 16,52,93-95 (see Figure 2 ). Yet, in other systems, caspases appear to be themselves potent effectors in the DRinduced pathways leading to ROS elevation (Figure 2) . 16, 52, 54 Thus, ROS accumulation induced downstream of DRs appears to depend on both caspase-dependent and caspase-independent mechanisms.
Possible Distinct Relationship Between ROS and JNK in Necrosis and Apoptosis Signaling Downstream of TNF-R1 ROS-mediated activation of JNK
Most studies indicate that ROS reside upstream of JNK in the TNF-R-induced pathways of PCD (Figure 2) . 16, 76, [84] [85] [86] Yet, some new data suggest that ROS induction in these pathways can also occurs downstream of JNK activation (Figure 2b ), 75 indicating that there might be a reciprocal interplay between ROS and JNK signaling induced by the triggering of TNF-Rs (Figure 2 ). Compound mutation of JNK1 and JNK2 in NF-kBdeficient MEFs was found to prevent accumulation of ROS elicited upon exposure to TNFa. 75 This accumulation was detected instead in JNK1 þ / þ JNK2 þ / þ , control cultures, also lacking NF-kB. 75 This led to the conclusion that ROS and JNK activities participate in a positive feedback mechanism that serves to amplify death signaling downstream of TNF-Rs (Figure 2 ). Yet, while a dynamic relationship between these activities is likely to exist, 16, 52, 54, 86, 89 it should be cautioned that, as discussed earlier, the antioxidant effects of JNK inactivation in this system might be owed in part to a suppression of PCD. The mechanism(s) by which TNFainduced JNK activity promotes ROS formation is also uncertain. However, both extra-mitochondrial and mitochondrial mechanisms, such as an action on cPLA2 and mitochondrial complex III, respectively, have been proposed to explain the JNK-mediated enhancement of ROS formation. 16, 52, 54, 75, 89 Possible distinct ordering of ROS and JNK signaling in TNF-R-induced necrosis versus apoptosis While increasing apoptosis, ablation of JNK in the aforementioned study was found to markedly protect NF-kB-deficient fibroblasts against TNFa-induced necrosis, 75 suggesting that in the system used, JNK and ROS activities are predominantly involved in transducing necrosis signaling (Figure 2b ). 75 Additional studies have confirmed this role of JNK and ROS in TNFa-induced necrosis. 52, 54, 76, 84 Yet, in other NF-kB null systems, the JNK and ROS activities elicited by TNF-Rs have been primarily implicated in induction of apoptosis (Figure 2a) . 49, [60] [61] [62] 85 In both RelA À/À MEFs and IkBaMexpressing cells, treatment with TNFa caused caspase activation and nucleosomal fragmentation, 60, 62, 76, 85 two hallmarks of apoptosis, 48, 55 and exposure to z-VAD fmk virtually abrogated JNK/ROS-mediated killing induced by TNFa in these cells. 85 Thus, experimental conditions and cell system seem to determine which pathway of cell death is ultimately activated during stimulation of TNF-Rs (Figure 2 ). An intriguing possibility presented by previous studies is that the cellular decision between necrosis and apoptosis is carried out in part through a control of the relative ordering of ROS and JNK signaling (Figure 2 ). Indeed, a positioning of JNK activation upstream of ROS has been associated with TNFa-induced necrosis, 75 whereas a reciprocal positioning of JNK downstream of ROS has been linked to the induction of apoptosis (Figure 2) . 85, 86 Regardless of the nature of the death mechanism that is triggered by TNFa, however, in each of these studies, the net effect of inhibiting JNK or ROS activities was an enhancement of cell survival, [60] [61] [62] 75, 76, 84, 85 indicating that these activities are essential for induction of cytotoxicity by TNF-Rs and that they are capable of eliciting this cytotoxicity via both a necrotic and an apoptotic mechanism ( Figure 2) . Moreover, most studies agree that both types of TNFa-induced PCD responses are effectively halted by activation of NF-kB, regardless of the relative positioning of ROS with respect to JNK (Figure 2 ) (see below). 16, [59] [60] [61] [62] 75, 76, 84, 85 Effects of the metabolic state in dictating which pathway of PCD is activated in the cell
The mechanisms controlling which form of PCD is triggered by TNF-Rs are presently poorly understood. One emerging view, however, is that a critical element influencing this choice is the cell metabolic state. 53, 96, 97 Cells depending on glycolysis, such as tumor and rapidly growing cells, appear to be more prone to necrosis. In contrast, cells depending on oxidative phosphorylation (OP), such as resting cells, have the ability to quickly replenish their cytosolic pools of NAD and ATP pools, upon depletion by cytotoxic stimulation, and because of this property, appear to die predominantly via apoptosis 53, 96, 97 -a dominant and energy-consuming process. 55, 97 Thus, it is possible that the metabolic status of the cell may influence qualitative and/or quantitative aspects of the ROS activity triggered by TNF-Rs, and that this activity may then contribute to dictate the type of death response that is induced downstream of these receptors. 87 
Mechanisms for TNF-R-Induced, Proapoptotic JNK Signaling
The mechanism(s) through which activation of JNK by ROS promotes apoptosis signaling is not known. In certain system, JNK-mediated induction of PCD involves modulation of gene expression. 63, 64 In neurons, for instance, excitotoxin-inflicted apoptosis was shown to involve phosphorylation of the c-Jun transcription factor by JNK3 and regulation of c-Jun target genes. 63, 64, 68 For promotion of apoptosis triggered by stress stimuli or TNFa, however, the effectors of cytotoxic JNK signaling appear to be already present in the cell. 49, 64, 66 It was recently suggested that activation of JNK by TNF-Rs causes cell death by inducing caspase-8-independent, proteolytic processing of Bid into jBid (a product distinct from tBid), which then translocates to mitochondria to promote the selective release of Smac/Diablo (but not cytochrome c) into the cytosol, resulting in activation of caspase-8 and, ultimately, apoptosis. 48, 55, 77 Interestingly, as mentioned earlier, Eigerinduced JNK activation in flies also triggers PCD through Hid, Reaper and Grim, the functional equivalents of mammalian Smac/Diablo. 82, 83 This JNK-jBid-Smac/Diablo cascade appears therefore to be an additional link between the intrinsic and extrinsic pathways of PCD, albeit -in contrast with what is seen with the classical caspase-8-tBid-cytochrome c cascade 48 -in this other link, caspase-8 lies downstream (rather than upstream) of mitochondria. 77 Several important questions, however, remain unanswered. For instance, how JNK promotes formation of jBid is unknown. Further, it is likely that there are also other means by which JNK mediates apoptosis signaling downstream of TNF-Rs. In support of this notion, cytotocity induced by ectopic MKK7-JNK1 proteins, causing constitutive JNK activity, requires Bax-like factors, but interestingly, does not require Bid. 74 Additionally, following exposure to UV light, JNK was shown to promote caspase activation and PCD by enhancing the mitochondrial release of cytochrome c, rather than that of Smac/Diablo alone. 64, 66 Finally, although JNK (and ROS) are known participants in TNFa-induced programmed necrosis, the basis for this participation is unknown.
The NF-jB-Mediated Suppression of JNK Signaling in Enhancement of PCD NF-jB as an inducer of PCD
Although activation of NF-kB is usually a potent signal for survival (Figure 1) , 3, 16, 17 in specific circumstances, this activation can promote PCD.
3,16 NF-kB was shown to enhance cytotoxicity induced by the triggering of CD3 in double-positive thymocytes, 98 and by treatment with UV radiation or certain chemotherapeutic agents such as doxorubicin, etoposide and 1-b-D-arabinofuranosylcytosine in certain cancer cells. 3, 16, 99, 100 In some circumstances, this cytotoxic activity of NF-kB has been validated in in vivo models, as with models of thymocyte development and negative selection, 13, 98 and so, it appears to be biologically significant, at least in these circumstances. The basis for the participation of NF-kB in PCD signaling is unclear. It was shown, however, that certain cytotoxic stimuli, including UV light and anticancer drugs, induce a form of NF-kB activity that is qualitatively different from that elicited by TNFa, because it appears that this activity causes repression, rather than activation of protective genes. 101 In other systems, NF-kB was shown to enhance p53 activity and expression of p53 target genes, 3, 16, 102 or to promote direct transcriptional upregulation of proapoptotic genes, such as those encoding Fas/CD95, FasL, DR4 and DR5.
3,16
The NF-jB-mediated targeting of JNK as a means for inducing PCD It is plausible that, in certain contexts, this action of NF-kB in promoting PCD can also be due to an interference with the JNK pathway. The notion that this pathway is involved in the induction of cell death is not without exceptions. 63, 64 JNK has, in fact, also been implicated in cell differentiation, cell growth and even cell survival in certain systems. 63, 65 In one study, MEFs from JNK1 À/À JNK2 À/À mice were found to be abnormally sensitive to TNFa apoptosis. 103 It was therefore proposed that, in the presence of functional NF-kB dimers, transient activation of JNK by TNFa is a signal for cell survival. 103 The prosurvival action of JNK in this system was associated with induction of the c-Jun-like factor, JunD, which seemingly cooperates with NF-kB to upregulate transcription of c-IAP2. 103 In a later study, however, JNK null MEFs were found to be abnormally susceptible to apoptosis even in the absence of NF-kB. Of note, these cells were found to be concomitantly resistant to TNFa-inflicted necrosis, with the overall result of JNK activation being a net increase in cell death (discussed earlier). 75 Finally, while confirming the existence of an antagonistic activity of NF-kB on JNK signaling, another report has indicated a role for this activity of NF-kB in promotion of TNFa-induced cell death. 104 Hence, a suppression of PCD might not be the sole possible outcome of the negative regulation that NF-kB imposes on the JNK pathway.
Other determinants of the biological outcome of JNK activation and the interference by NF-jB Most likely, the biological effects of JNK activation also depend on stimulus-and tissue-specific elements, including an interplay with other signaling pathways such as the Akt/ PKB, ERK and NF-kB pathways that might be concomitantly active in the cells. [63] [64] [65] 103 Notably, the biological activity of JNK signaling appears to depend in fact on the duration of this signaling, and so context-specific factors such as NF-kB, MKPs and ROS can modulate the functional outcome of the activation of JNK by controlling the duration of this activation. 16, 49, 64 The reason why only prolonged JNK induction is a potent signal for cell death is not known. It is plausible, however, that while transient activation of JNK can promote survival via a modulation of gene expression, upon prolonged activation, JNK may acquire the ability to engage a transcription-independent, cytotoxic mechanism. 16, 49, 64, 77, 103 This temporal requirement for JNK-mediated cytotoxicity might depend for instance on substrates that become available only with time after stimulation, on death-signaling effectors (e.g. jBid or Smac/Diablo) that accumulate only slowly prior to reaching the threshold needed for triggering PCD or on amplification of the JNK-mediated death signal through feedforward loops (e.g. with caspases). 16, 64 It is also worth noting that because of the complex biological actions of the JNK cascade, a restraint of this cascade might enable NF-kB to also influence biological processes other than cell survival, including cell growth and differentiation, and gene expression. In the skin, for instance, the NF-kB-mediated control of JNK activation appears to block JNK-driven proliferation and neoplastic outgrowth of the epithelium. 105 Further, interactions between the NF-kB and JNK pathways are also likely to occur at a downstream level -that is, at promoters of genes that are jointly controlled by NF-kB and JNK-regulated transcription factors, such as c-Jun and JunD 63, 64 -in order to coordinate gene expression.
Direct Means for the NF-jB-Mediated Control of JNK Signaling Gadd45b
The NF-kB-mediated suppression of the JNK cascade appears to involve induction of target genes 3, 16, 17 ( Figure 3 ). Thus far, few such targets have been characterized. Screens for cDNAs capable of blocking TNFa-induced PCD in RelA À/À fibroblasts identified Gadd45b/Myd118 -a member of a family of structurally related factors also comprising Gadd45a and Gadd45g 49, 106 -as an NF-kB-inducible, bona fide inhibitor of the JNK cascade (Figure 3) . 60 Gadd45 proteins have been implicated in various biological activities, including DNA repair, cell cycle control and regulation of several MAPK cascade kinases. 49, 106 Upregulation of Gadd45b by TNFa requires NF-kB, and ectopic expression of this factor in NF-kB-deficient cells inhibits JNK activation and apoptosis downstream of TNF-Rs. 60 The Gadd45b-mediated inhibition of this JNK activation appears to involve a blockade of MKK7/ JNKK2 (Figure 3) , 107 an essential and specific inducer of JNK during stimulation of TNF-Rs. 64, 108 Gadd45b directly associates with this MAP2K, blocking its catalytic activity, most likely, by precluding access to ATP. 107 Although Gadd45b also has the ability to interact with other MAPKpathway kinases, such as the MAP3Ks, MEKK4/MTK1 107, 109 and ASK1/MEKK5, 107 it appears that these other interactions of Gadd45b are not involved in control of JNK activation downstream of TNF-Rs. 49, 107 Of interest, inactivation of endogenous Gadd45b by either expression of antisense mRNAs or targeted deletion of the Gadd45b gene hampers cell survival and downmodulation of JNK signaling following exposure to TNFa, 60, 107 suggesting that in some tissues Gadd45b upregulation is required for the NF-kB-mediated antagonism of JNK activation and PCD. The Gadd45b-MKK7 interaction appears in fact to be a critical link between the NF-kB and JNK pathways (Figure 3) -confirmed by the use of cell-permeable peptides that impede Gadd45b binding to MKK7. 107 Another study using Gadd45b-deficient fibroblasts, however, has recently suggested that Gadd45b is not involved in the NF-kB-mediated control of TNFa-induced PCD in MEFs, as these cells were found to have no defect in the suppression of JNK induction or PCD downstream of TNFRs. 110 The apparent discrepancies between published reports are likely owed, at least in part, to the different sensitivities and experimental conditions of the assays used. 49, 111 Nevertheless, from both studies, it seems clear that the effects of knocking out Gadd45b in fibroblasts are not complete (i.e. not as profound as those of blocking NF-kB). 16, 49, 60, 107, 110 There is in fact evidence that the function of Gadd45b in these cells is redundant, as factors other than Gadd45b were also found to contribute to suppression of the TNFa-mediated induction of MKK7. 49, 107 Yet, despite this functional redundancy, data with Gadd45b-inactivating peptides revealed that, even in this system, Gadd45b plays an obligatory role in complete inhibition of TNF-R-induced killing. 107 Additionally, the mechanisms of MKK7 inactivation downstream of TNF-Rs appear to be tissue specific, 49, 107 and so, it is possible that Gadd45b has a more prominent role in this inactivation in other tissues.
This view is supported by recent studies with Gadd45b
À/À knockout mice that have shown that Gadd45b is an essential participant in skeleton morphogenesis, 112 the resistance of hematopoietic cells to stress-and anticancer drugs-induced killing, 113 differentiation and function of T-helper 1 (T H 1) T cells and immunity against infection with the intracellular bacterium, Listeria monocytogenes. 114 In some studies, these functions of Gadd45b have been linked to a regulation of MAPK signaling. For instance, Gadd45b À/À T H 1 T cells were found to exhibit a severe defect in the control of JNK and p38 activation downstream of both antigen and cytokine receptors. 114 Whether this defect is primarily mediated through a deregulation of MKK7 activity, however, is presently unknown. Indeed, whereas a deregulation of MEKK4, an MAP3K implicated in p38 and JNK induction in response to stress, 64, 109 has been implicated in some of the signaling abnormalities observed in Gadd45b null cells, 115 it is evident that these abnormalities also depend upon MEKK4-independent mechanisms. 49 
XIAP
The inhibitory effects of NF-kB on the JNK cascade have also been associated with upregulation of the caspase inhibitor XIAP 61 ( Figure 3 ). This is a downstream target of NF-kB 3, 49 and a well-characterized inactivator of caspase-3 and -7.
116
Upon overexpression, XIAP attenuates TNFa-induced PCD in NF-kB-deficient cells, 117 and moreover, thymocytes from XIAP transgenic animals are protected against killing induced by various triggers. 118 Ectopic expression of XIAP was also shown to reduce TNFa-induced JNK signaling in RelA À/À cells, but to have no effect on p38 and ERK activities. 61 Despite its ability to block caspases, 116 XIAP seems to be an authentic inhibitor of the JNK cascade, because when overexpressed in RelA null cells, it is capable of interfering with both the caspase-dependent and the caspase-independent phases of the activation of this cascade by TNFa (Figure 3) . 16, 49, 61 Notably, however, XIAP null mice exhibit no obvious apoptosis-related phenotype, and MEFs from these mice appear to be unaffected in their ability to control JNK activation and PCD induced by the triggering of TNF-Rs. 3, 16, 49 The mechanism by which XIAP mediates a restraint on the JNK cascade also remains unclear. Indeed, whereas previous studies have shown that XIAP is capable of interacting with kinases in the JNK pathway, 49, 119 these studies have found that the interactions of XIAP with these kinases lead to an enhancement, rather than an inhibition of JNK signaling. 49, 119 Thus, further studies are needed to determine the physiological relevance of XIAP to the NF-kB-mediated control of JNK signaling and PCD.
A20
Another target of NF-kB that is seemingly involved in mediating the inhibitory activity of NF-kB on the JNK pathway is the zinc-finger protein, A20 (Figure 3) . 120, 121 This is rapidly induced by TNFa through a mechanism that depends on NF-kB, 3, 121 and this induction by NF-kB plays an essential role in downmodulation of JNK signaling activated downstream of TNF-Rs (Figure 3) . 120, 121 Accordingly, A20
MEFs exhibit persistent activation of JNK and exaggerated PCD following exposure to TNFa. 120, 121 Notably, however, overexpressed A20 is incapable of protecting NF-kB-deficient cells against TNFa-induced killing. 3, 121 Hence, while being required, upregulation of A20 alone appears to be insufficient to account for the NF-kB-mediated suppression of TNFa-induced JNK signaling and PCD. The precise mechanism(s) by which A20 blunts activation of the JNK cascade are not known. Interestingly, A20 is also necessary for downregulation of NF-kB activation by TNFa, 120,121 a function that seemingly involves an enhancement of the ubiquitin-mediated inactivation of RIP1, 122 an essential inducer of NF-kB. RIP1, however, does not participate in the induction of JNK by TNFRs, 48 and so, the A20-mediated suppression of the JNK pathway is likely to be mediated through a different mechanism. It is also worth noting that A20 is capable of interacting with TRAF2, 48 ,121 a molecule required for activation of JNK signaling by TNFa. 48, 64 In fact, some biochemical evidence suggests that the inhibitory effects of A20 on this signaling might involve an action at the level of either TRAF2 or of another molecule positioned immediately downstream of TNF-R1 (Figure 3) . 48, 120, 121, 123 Accordingly, A20 appears to selectively hinder NF-kB and JNK activations induced by TNF-Rs, and to have no effect on these activations downstream of IL-1b receptor -shown by analyses of A20 À/À MEFs.
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The NF-jB-Mediated Targeting of ROS: an Indirect Means for Control of the JNK Pathway FHC Interestingly, a subset of NF-kB target genes is involved in the control of ROS (Figure 3) . 16, 17 Using a gene array-based screen, we have recently identified Ferritin heavy chain (FHC) as a critical mediator of the antioxidant and antiapoptotic activities of NF-kB downstream of TNF-Rs. 85 Together with light chains (FLC), FHC constitutes Ferritin -a large heteropolymer that represents the major iron storage mechanism within cells. 124, 125 In eucaryotes, iron is required both for production of mitochondrial KO 2 À and for Fenton and Haber-Weiss reactions, generating highly toxic KOH radicals, 87, 124, 125 and therefore limiting availability of this metal, through an upregulation of Ferritin, which is a critical mechanism by which cellular ROS can be controlled (Figure 3) . FHC is induced by TNFa through a mechanism dependent upon NF-kB, is required for antagonism of TNFainduced killing, and upon overexpression, counters apoptosis in NF-kB-deficient cells (Figure 3) . 85 The protective action of FHC against TNFa-inflicted PCD is mediated through iron sequestration, which prevents ROS accumulation and subsequent sustained JNK activation downstream of TNF-Rs (Figure 3) . 85 The relevance of FHC to the NF-kB-activated mechanism for restraint of TNF-R-induced JNK signaling and PCD has been validated in FHC-deficient cells and in vivo systems. 85, 126 Indeed, knockdown of FHC in fibroblasts results in persistent activation of JNK by TNFa and hypersensitivity to TNF-R-induced cytotoxicity. 85 Induction of FHC appears to be a critical element for control of the TNFainduced fluctuations of the intracellular labile iron pool (LIP). 85, 124, 127 Remarkably, systemic administration of the iron chelator, deferoxamine (DFO), protects mice against TNF-R-mediated lethality and tissue damage. 126 A new study indicates that, in addition to blocking caspase activation and apoptosis, 85 FHC halts TNFa-induced programmed necrosis. 127 Thus, unlike other NF-kB-inducible genes, FHC seems capable of suppressing both pathways of PCD activated downstream of TNF-Rs, and thereby, recapitulates the effects of NF-kB on PCD (see Figure 1) . It is possible that the iron-mediated control of ROS formation might even contribute to determining which pathway of PCD is ultimately triggered by TNFa.
Notably, FHC is one of several proteins induced in the liver during a systemic acute-phase response to injury, stress and microbial infection. 124 This induction of FHC in the liver is triggered by proinflammatory cytokines such as TNFa and contributes to hypoferremia -a common condition in patients with chronic inflammatory illnesses. 124, 128 Interestingly, this generalized restriction of iron availability might enable NF-kB to contain ROS-inflicted injury at distant sites, such as sites of inflammation, where there are elevated, potentially harmful concentrations of both ROS and TNFa. 4, 6, 16, 17, 45 Accumulating evidence suggest that FHC also plays an important role in cancer. 124, 129 An elevation of ROS is often required for oncogene-driven transformation; 124, 129 on the other hand, this elevation appears to also enhance the propensity of certain malignant cells to die. 17, 87, 124, 129 With tumor progression, however, growth becomes independent of ROS, 129 which enables certain cancers to upregulate FHC. 124 Notably, the protective action of FHC extends to oxidative and genotoxic stress, 124, 125, 130 and in certain human tumors, high expression of FHC has been linked to anaplasia, metastatic spread and poor prognosis. 130, 131 Thus, upregulation of FHC may represent a means by which NF-kB promotes oncogenesis, cancer progression and resistance to anticancer treatment. 3, 16, 44, 85 Mn-SOD
The antioxidant activity of NF-kB has also been associated with upregulation of the ROS scavenger, Mn-SOD (Figure 3) , 3, 16, 17, 132, 133 which catalyzes dismutation of KO 2 À into H 2 O 2 . 87 Mn-SOD is a TNFa-inducible target of NF-kB, and upon overexpression, attenuates TNFa-mediated cytotoxicity in certain systems (see Figure 3) . 3, 16, 48, 85, 132, 133 Its significance to the protective function of NF-kB, however, remains uncertain. This is because in various NF-kB-deficient systems, ectopic expression of Mn-SOD affords little or no protection against PCD caused by exposure to TNFa. 32, 84, 85 This enzyme also scored poorly in a screen for factors capable of rescuing RelA À/À cells from TNFa-induced killing. 85 Moreover, in various cell -types, its levels are seemingly independent of either TNFa or NF-kB, 17, 85 suggesting that in these cell types, Mn-SOD does not contribute to the prosurvival action of NF-kB.
Despite the fact that it might be insufficient for control of TNF-R-triggered redox changes and PCD, however, Mn-SOD might still represent a critical effector of the antioxidant and protective activities of NF-kB, in certain contexts. Indeed, there is suggestive evidence that it might also contribute to the tumorigenic activity of NF-kB, for instance in some leukemias. 16, 134 For an effective control of ROS levels, synergism between FHC and Mn-SOD might in fact be crucial. While induction of Mn-SOD promotes dismutation of KO 2 À into H 2 O 2 , FHC-mediated iron sequestration may facilitate disposal of H 2 O 2 by peroxidases and catalases. 87, 124 In NF-kB-deficient cells, FHC levels are usually low, 85 and as a consequence, free iron remains available to catalyze the Fenton reaction reducing H 2 O 2 into highly reactive KOH radicals. This could explain the inability of ectopic Mn-SOD to inhibit, alone, TNFa-induced cytotoxicity in NF-kB null cells. 84, 85, 132 Complexity of the NF-jB-activated program for JNK inhibition
Combined upregulation of FHC and Mn-SOD not only provides a basis for the antioxidant action of NF-kB but also provides an additional, indirect link between the NF-kB and JNK pathways (Figure 3) . Hence, NF-kB appears to halt the TNFa-mediated induction of the JNK cascade via at least two separate mechanisms: directly, through upregulation of Gadd45b, A20 and XIAP ( Figure 3) ; and indirectly, through upregulation of FHC, Mn-SOD and possibly other factorswhich suppress the elevation of ROS (Figure 3 ). Most likely, to ensure effective inhibition of JNK signaling, these factors must act cooperatively. Indeed, a recent study suggests that the NF-kB-mediated control of redox homeostasis might involve upregulation also of other antioxidant factors. 16, 135 In this regard, it is also noteworthy that the specific JNK-inhibiting program activated by NF-kB depends upon tissue-and stimulus-specific elements, 3, 17 and therefore the contribution of each target gene might be essential only within specific biological contexts. Interestingly, this adaptable network of genes that is induced by NF-kB might enable an organism to orchestrate a suitable biological response to each type of apoptotic stimulus and challenge (see below).
In vivo Relevance of the NF-jB-Mediated Control of JNK Signaling
The response of the liver to stress and injury
The biological relevance of the NF-kB-mediated restraint of JNK signaling has been amply documented in animal models, most notably in the liver. 16, 28, 76, 136 Recent studies have shown that NF-kB is required to counter hepatotoxicity caused by systemic administration of ConA, an agent provoking massive liver damage through a mechanism that depends on TNF-Rs. 28 Conditional deletion of IKKb in hepatocytes resulted in prolonged activation of JNK signaling following treatment with ConA, and suppression of this signaling by ablation of either JNK1 or JNK2 markedly attenuated ConA-induced injury in the NF-kB-deficient liver. 28 Thus, the NF-kB-mediated restraint of JNK activation is required to prevent hepatic damage, in vivo. Indeed, a similar mechanism might account for the NF-kB protective action in the fetal liver. 3, 23, 49 TNF-R1, JNK and NF-kB have been shown to play important roles also during liver regeneration post-partial hepatectomy, 16, 76, 137, 138 and so, NF-kB may exert its critical influence on this process, at least in part, through a control of the duration of JNK activation. 16, 76 Interestingly, it was reported that, whereas in the ConA response model, both sustained JNK activation and hepatic injury are critically dependent on ROS formation, in the partial hepatectomy model, neither the induction of JNK nor the liver compensatory reconstitution appears to be reliant on this ROS formation 76 -despite that both processes are controlled by an integration of TNF-Rs, JNK and NF-kB activities. 16, 49, 76, 137, 138 Hence, it appears that during different liver responses, both the TNF-R-elicited pathway leading to JNK activation and the NF-kB-induced program that controls this activation of JNK are mediated through distinct mechanisms (also discussed below).
Chronic inflammatory and hereditary disorders
Disturbances of the NF-kB-imposed blockade of TNF-Rinduced PCD play a central role in pathogenesis of a wide spectrum of human diseases. [3] [4] [5] [6] [7] [8] 45 Notably, this detrimental action of NF-kB appears to depend, at least in part, on a deregulation of ROS and JNK activities. This is evident, for instance, in diseases such as IBD and RA where chronic inflammation is perpetuated by a positive feedback regulation between TNFa and NF-kB (Figure 4) . 3, 6, 30, 45, 48 Other examples of a pathogenetic role of an NF-kB-dependent deregulation of JNK signaling could be provided by certain hereditary disorders. Indeed, the impaired survival of lymphocytes and keratinocytes from patients with primary deficiencies in the NF-kB pathway such as IP, AED and select ID syndromes might be due in part to an exaggerated activity of the JNK pathway. 15, 46, 47 Likewise, an NF-kB-mediated deregulation of JNK activity, either by defect or excess, is likely to be an important contributing factor in the abnormalities of cell survival observed in patients with disorders caused by mutations or rearrangements in genes encoding either TNF-R-family receptors (such as RANK) or signaling molecules in the pathways activated by the these receptors. 15, 46, 47 Indeed, not only are these receptors key regulators of cell survival -a function invariably dependent on NF-kB -but they also are potent inducers of both NF-kB and JNK signaling (discussed earlier). 3, 15, 30, 48 Cancer Finally, the relevance of the NF-kB-mediated control of JNK and ROS activities might apply to cancer (Figure 4) . 3, 16, 49, 139 JNK and NF-kB appear to have opposing actions in various tumors. Whereas inducers of the JNK pathway (e.g. BRCA1, MKK4 and JNK3) and JNK-activated transcription factors (e.g. JunB and JunD) often behave as tumor Figure 4 Potential therapeutic implications of the NF-kB-mediated blockade of TNFa-induced ROS and JNK signaling. A positive feedback loop between TNFa and NF-kB often drives tumor progression and chronic inflammation. Several pharmacological agents could be developed to treat these conditions, without causing a global inhibition of NF-kB. Such agents could in fact induce death of diseased cells by blocking the activity of either MKP phosphatases or downstream effectors of the NF-kBmediated suppression of ROS and JNK signaling. This therapeutic approach would not directly impact NF-kB functions in immunity and development suppressors, 49, 64, 139, 140 activation of NF-kB seems to be involved in antagonism of transformation-associated apoptosis and enhancement of tumor cell survival in various latestage cancers.
3,35-37 JNK and ROS also mediate cancer cell killing induced by radiation and certain anticancer drugs, 16, 49, 64, 87, 129 whereas NF-kB often contributes to blunt this killing. 3, 5, 6, 16, 35, 44 Hence, because many oncogene products, such as Her-2/Neu and oncogenic ras, as well as chemotherapeutic drugs such as topoisomerase inhibitors, trivalent arsenicals and proteasome inhibitors, are potent elicitors of JNK, 16, 49, 64, 139 the dependence of certain cancerous cells on a constitutive NF-kB activity for their survival might lie in their need to suppress JNK-mediated PCD promoted by these oncogene products or anticancer agents.
Another link between cancer and the inhibitory activity of NF-kB on the JNK pathway has been unveiled with the recent discovery that progression and growth of both primary and metastatic tumors are often critically dependent upon the inflammatory reaction that pervades the cancerous tissue. 4, 16, [38] [39] [40] 136 In various models, this reaction is driven by NF-kB and proinflammatory cytokines such as TNFa (Figure 4) . [38] [39] [40] [41] Thus, it is plausible that the mandatory role of NF-kB in progression, growth and survival of these inflammation-driven tumors is also owed, at least in part, to a need to restrain the cytotoxic activities of ROS and JNK -invariably elevated at sites of inflammation. 16, 30 New Therapeutic Challenges and Opportunities Utility and limitations of global blockers of NF-jB in treatment of human diseases
The pivotal importance of the NF-kB pathway in human diseases, including chronic inflammatory disorders, is highlighted by the fact that blockers of this pathway, such as aspirin and glucocorticoids, or of its inducer, TNFa, are presently standard therapy for the treatment of these diseases ( Figure 4) . 2, 3, 5, 6, 16, 43, 44 NF-kB-targeting agents, including glucocorticoids and proteasome inhibitors, are also being used to treat human malignancies, such as MM, HL and certain solid tumors (Figure 4) . 3, 5, 16, 43, 44 Unfortunately, the clinical utility of these drugs is undermined by their severe adverse effects, including their immunosuppressive effects (see Figure 4) . Moreover, available NF-kB blockers, such as corticosteroids, NSAIDs, cyclopentenone prostaglandins, trivalent arsenicals, proteasome inhibitors and sulfasalazine, are not specific for the NF-kB pathway, 2, 5, 16, 43, 44 and this causes a set of additional adverse effects. This issue will likely be addressed in part by the introduction of more selective blockers of NF-kB activation, such as IKKb inhibitors -which are currently being tested in vitro and in preclinical trials. 16, 141, 142 These agents will also be likely to exert their pharmacological effects by inhibiting infiltrating inflammatory cells, an important source of tumor growth factors, 4, 16, 38 and be effective especially when used in combination with radiation and/or standard chemotherapeutic drugs. 3, 16, 43, 44 Yet, it should be cautioned that, even with drugs that are highly specific for the NF-kB pathway, serious side effects beyond those caused by immunosuppression are likely to arise, particularly upon chronic use. This is because the biological activity of NF-kB is subject to tissue-specific elements. 3, 12, 16 For instance, despite its well-established role in oncogenesis and tumor progression in various tissues, NFkB promotes growth arrest, differentiation and tumor suppression in epidermal keratinocytes. 16, 105, 143, 144 Indeed, a prolonged inhibition of NF-kB in these cells results in formation of squamous cell carcinoma and can act synergistically with oncogenic H-ras to induce malignant transformation. 16, 105, 143, 144 NF-kB might exert a similar tumor-suppressor function also in the liver, because (while impeding tumor progression) conditional deletion of IKKb in hepatocytes appears to enhance tumor initiation in a model of chemical carcinogenesis. 16, 136 Thus, another major problem associated with long-term treatment with NF-kB-targeting agents is the potential of this treatment for promoting oncogenesis in certain tissues. The immunosuppressive effects of these agents could in fact further exacerbate these cancer-inducing effects through a repression of immunosurveillance mechanisms.
Therapeutic agents that selectively interfere with the NF-jB-mediated suppression of JNK signaling Thus, a preferable therapeutic approach is to develop drugs that enable targeting of the downstream prosurvival effectors of NF-kB, rather than of NF-kB itself (Figure 4) . The discovery that the suppression of ROS and JNK signaling is a key protective mechanism mediated by NF-kB now offers an opportunity for developing such drugs (Figure 4) . Indeed, selective blockade of the ability of NF-kB to shutdown ROS and JNK activation is likely to enhance PCD preferentially in self-reactive and proinflammatory cells at sites of inflammation (see Figure 4) -where there are elevated levels of TNFa and JNK and ROS activities. 6, 16, 30, 45 Drugs targeting the inhibitory action of NF-kB on the JNK cascade might in fact also cause augmentation of JNK and ROS cytotoxic signaling in cancerous cells, particularly in those engulfed within an inflammatory reaction, and therefore provide a powerful adjuvant for anticancer therapy (see Figure 4) . 4, 16, 38 Agents that disrupt Gadd45b binding to MKK7 or that hinder iron sequestration by FHC or the activity of MKPs might indeed succeed in accomplishing these tasks (Figure 4) .
Notably, compounds that selectively interfere with the negative regulation of ROS/JNK activities by NF-kB might also enable dissociation of the prosurvival and proinflammatory actions of NF-kB (Figure 4) , and so, minimize the deleterious side effects of global NF-kB inhibitors, for instance their immunosuppressive effects ( Figure 4) . 2, 3, 43 Thus, a capital future challenge is determining the precise mechanisms by which NF-kB counters ROS accumulation and JNK signaling in specific pathophysiological contexts. Indeed, because the NF-kB-activated program for JNK and ROS inhibition manifests a degree of cell-type specificity, it might be possible to achieve selective targeting of this program in diseased tissues. Another important challenge in anticancer therapy will be to determine which targets of NF-kB are most critical for suppression of programmed necrosis, because it is becoming increasingly clear that, while often possessing mechanisms that suppress apoptosis, these cells are usually highly susceptible to undergo necrosis, due to their energy dependence on glycolysis. 53, 96, 97 Given the roles of JNK and ROS activities in necrosis signaling (Figure 2) , it is plausible that the targeting of these activities also represents a means for the NF-kB-mediated suppression of programmed necrosis.
Concluding Remarks and Future Perspectives
The NF-kB-imposed restraint of ROS and JNK activities plays key roles in both health and disease. In recent years, much progress has been made towards gaining an understanding of the mechanisms of this restraint. The identification of NF-kBinducible blockers of ROS and JNK signaling has been an important step in this direction. Multiple such blockers have been characterized thus far, and this redundancy may serve to ensure an effective shutdown of ROS and JNK signaling. It might also enable an organism to finely tune its prosurvival response according to specific contexts and needs. Undoubtedly, major future challenges include delineating the precise mechanisms responsible for the mutual positive interplay between ROS and JNK activities in the induction of PCD, and determining which NF-kB-inducible genes are most critical for control of these activities in specific pathophysiological contexts. Establishment of conditional knockout models will be key for addressing these issues. As an inappropriate blockade of PCD by NF-kB appears to underlie various human diseases, these efforts will likely enable development of new therapies that are both more effective and more selective for treatment of these diseases. Since functions of NF-kB in immunity, development and cell survival are seemingly executed through distinct subsets of target genes, the possibility now exists for developing agents that enable selective blockade of the prosurvival action of NF-kB, without significantly compromising its capacity to serve in immunity and/or development. Such selective blockade could help to limit the side effects inherent in global NF-kB blockers. Additionally, because NF-kB, JNK and ROS activities are likely to be predominantly upregulated in inflamed and cancerous tissues, therapeutic strategies aimed at interfering with the interplay between these activities are likely to have inherent specificity for diseased tissues. Indeed, achieving this specificity represents a major therapeutic goal.
